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I. INTRODUCTION
Nanostructured materials, such as nanowires, have been extensively studied during the last decade. Several functional devices, e.g., solar cells and chemical sensors, 1,2 look promising. There are recent initiatives for the integration of bottom-up grown nanowires in large scale devices. One of the most important and relevant among them is a nanoassembling technique, 3 which can produce nanowires with very few crossing defects and a high precision of alignment. This technique was successfully employed to fabricate highly organized, integrated computational circuits from large scale nanowire assemblies. 4 With the first demonstration of a memristor based on drift of oxygen vacancies in TiO 2 thin films, 5 remarkable attention has been devoted to nanowire based resistive random access memory devices and memristors. Metal/insulator/metal structures have been successfully engineered, employing various types of nanowires, such as Ga 2 O 3 , VO 2 , or Ag 2 S, [6] [7] [8] and provide switching between the low and high resistance states in the current-voltage characteristics. A space charge limited current (SCLC) is one of the conduction mechanisms used to explain the carrier migration phenomena responsible for the resistive switching, as recently observed in ZnO nanorods, 9 as well as in Ga 2 O 3 and CuO x nanowires. 6, 10 SCLC occurs when the rate of recombination of the electrons injected into the conduction band (or holes into the valence band) exceeds the concentration of the initial charge carriers. 11 The SCLC transport strongly depends on the characteristic parameters of the charge traps. These can be evaluated from the peculiar current-voltage characteristics. The SCLC approach to study the characteristic parameters of individual nanowires, such as concentration of charge traps and their activation energy, from current-voltage characteristics has been discussed recently. [12] [13] [14] [15] Bismuth sulfide (Bi 2 S 3 ) is a direct band gap semiconductor (E g -1.3 eV) with n-type conduction. It has a great potential for application in resistive memory devices due to its specific intrinsic doping with sulfur vacancies that can play a key role in resistive switching. 16 Numerous approaches have been used to obtain Bi 2 S 3 with excess sulfur or deficiency that can be easily tuned during the growth or by annealing procedures in an appropriate atmosphere. [16] [17] [18] [19] In this article, we report the electrical characterization of individual Bi 2 S 3 nanowires grown in an anodized aluminum oxide, AAO, template via thermal decomposition. The temperature dependent current-voltage characteristics (IVCs) of the nanowires indicate that an SCLC mechanism dominates over Ohmic conduction at temperatures below 160 K. To the best of our knowledge, SCLC has not been previously reported for Bi 2 S 3 . Here, we have focused on the characteristic parameters of traps in the Bi 2 S 3 nanowires.
II. EXPERIMENTAL
Bi 2 S 3 nanowires were grown inside the pores of anodized aluminum oxide templates by thermal decomposition of a single source precursor as previously reported. 20 Both sides of samples were mechanically polished using diamond suspension paste with a particle size between 6 and 0.5 lm to remove the reaction products formed on top of the nanowire membrane. Selective chemical etching of the polished Bi 2 S 3 /AAO membranes was carried out in 9% H 3 PO 4 solution to free the nanowires from the templates. 21, 22 Thus, a suspension containing Bi 2 S 3 nanowires and Al 2 O 3 dissolution products was prepared. Further steps of centrifugation (500 rpm, 1 min Â 5) were applied to transfer the nanowires from a H 3 PO 4 solution to isopropanol. The nanowire/isopropanol suspension was drop-cast onto a prepatterned oxidized silicon substrate and dried using a compressed N 2 flow. Individual nanowires were selected for device fabrication. Electrical contacts were patterned using an electron beam lithography (JEOL JBX-9300FS) with a a) Electronic mail: donats.erts@lu.lv 0021-8979/2016/119(11)/114308/5/$30.00 V C 2016 AIP Publishing LLC 119, 114308-1 bilayer ZEP 520/PMMA-MMA resist followed by the evaporation of 3 nm Ti and 80-100 nm Au or Al layers. After the lift off in hot acetone, the samples were additionally cleaned in an oxygen plasma (50 W, 5 s, and 40 sccm).
Two and four point electrical measurements were performed in a 3 He refrigerator (300 mK Heliox system) to measure the temperature dependent current-voltage characteristics. Two outer contacts were used as current electrodes, while two inner contacts were used to measure the voltage drop across the nanowire. Figure 1 (a) shows a scanning electron microscope SEM image of an electrically contacted individual Bi 2 S 3 nanowire. Figure 1 (b) highlights the nonlinear IVCs obtained from three Bi 2 S 3 nanowires. For all three wires, no surface treatment was performed on the nanowires prior to the deposition of the electrical contacts. The IVCs were typically nonlinear with symmetric, asymmetric, or rectifying behavior ( Figure  1(b) ). Nonlinear IVCs at room temperature for Bi 2 S 3 nanowire devices have previously been explained by a metal (M)-semiconductor (S)-metal (M) model, providing Schottky barriers' formation at the M-S interface. 23 In the presence of Schottky emission, the IVC follows the relationship lnðIÞ ¼ A þ BV ð1=2Þ , where A and B (B > 0) are constants 24 and I is the current through the device and V is the voltage across the device. Examples of data plotted as lnðIÞ versus V 1=2 are shown in the inset of Figure 1 (b). As one can see, the data follow a linear fit at voltages below 0.25 V, indicating Schottky emission.
III. RESULTS AND DISCUSSION
One possibility to fabricate Bi 3 S 3 nanowire devices exhibiting linear IVCs is post-annealing of the nanowire samples as described in Ref. 18 . In our work, Ohmic contacts with linear IVCs were obtained by etching of the nanowire contact areas in ammonium polysulfide water solution ðNH 4 Þ 2 S n Ä H 2 O ð1 Ä 9Þ at 40 C, 5 min before metal deposition (Figure 1(c) ).
To determine the contact resistance, IVCs of different lengths between the contacts of the nanowire were measured in a two-electrode configuration. The resistance depends linearly on the nanowire length ( Figure 1(d) ). The y intercept of the linear fit (about 0.4 MX) corresponds to 2 R c , where R c is the contact resistance. From the estimated contact resistance R c , one can get the mean resistivity at room temperature for individual Bi 2 S 3 nanowires. In our experiment, we have obtained a value of about 0.01 Xm, which is one order of magnitude lower than that previously reported. 25 Unlike previous reports, electrical measurements were performed under vacuum, so as to minimize the effect of humidity on the carrier transport properties of the nanowires. 26 Figure 2(a) shows several IVCs for Bi 2 S 3 nanowires as a function of temperature. A linear behavior was observed only at 295 K; IVCs became strongly nonlinear as the temperature fell below 240 K. To determine the mechanism responsible for the nonlinear characteristics, the data were fitted using several conduction models for semiconductors and insulators.
Assuming a difference in the electrical properties between the surface and the bulk of a nanowire at temperatures below 240 K, the Fowler-Nordheim conduction mechanism can be considered. In this case, a straight line is expected for IVC data when plotting lnI=V 2 $ 1=V 2 . 11 For curves exhibiting Schottky behavior the IVC should follow lnðIÞ $ V 1=2 in the low voltage region as we show in the inset of Figure 1(b) . A Frenkel-Poole model, which describes carrier emission from trapped states, was also considered, and a straight line fit would be expected for sinh À1 ðI=VÞ versus ffiffiffi ffi V p . 11 However, the Fowler-Nordheim, Schottky emission, and Frenkel-Poole models did not fit our data.
Instead, an I $ V n (n ¼ 1-3.5) dependence was observed over the temperature range between 130 and 300 K in both positive and negative branches of the IVCs, with an increase in the exponent (n) values as the temperature decreases. An I $ V n with n ! 2 dependence of IVCs below 160 K indicates a dominant space charge limited current. SCLC injection has previously been reported as a leading transport mechanism for GaAs nanowires in specific temperature intervals of $250-160 K (Ref. 12 ) and at room temperature for AlGaN/GaN nanowires. 13 In the presence of charge traps, the IVC dominated by SCLC reflects the properties of the traps and therefore can be used as a charge trap characterization tool. 12,27,28 Figure 2 (b) represents one example of the IVC of a Bi 2 S 3 nanowire at 150 K (plotted on a log-log scale), where I $ V 2.3 was observed at V > 0.1 V. The IVC at a temperature of 150 K was used to evaluate the free carrier concentration. At a voltage below 0.1 V, the IVC follows Ohm's law (I $ V), but above 0.1 V, the SCLC mechanism is charge transfer dominated. The value of the voltage where the SCLC starts to dominate over the Ohmic conduction is denoted as the crossover voltage V x . 29 At V x , the injected carrier concentration (n) reaches the value of the free carrier concentration (n 0 ) and the relationship between V x and the free carrier density for cylindrical nanowires can be estimated 13 from equation
where r and e are the nanowire radius and the dielectric constant of the semiconductor, respectively; q is the charge of the electron. Using a voltage V x ¼ 0.1 V (Figure 2(b) ), the calculated free carrier density was determined to be 4.3 Â 10 16 cm À3 , which is comparable with values determined by Hall effect measurements at low temperature for Bi 2 S 3 single crystals. 30 Transmission Raman spectroscopy may be used to extract the carrier concentration of individual nanowires as a non-electrical validation 31 or, alternatively, infrared reflectivity measurements for nanowire arrays. To the best of our knowledge, non-electrical estimates of the carrier concentration of individual Bi 2 S 3 nanowires have not been performed. However, similar experiments have been reported for other bismuth chalcogenide crystals of Bi 2 Se 3 . 32 Reported values of carrier density determined by both non-electrical and electrical measurements correspond well, we therefore assume that similar trend may be observed also for Bi 2 S 3 .
We plot the exponent n extracted from the IVCs at various temperatures as a function of 1=T in Figure 3(a) . At temperatures T > 190 K, n $ 1, which can be attributed to Ohmic conduction followed by a transition to the SCLC regime as l þ 1 ! 2 at temperatures below 160 K. The temperature dependence of the exponent n (see Figure 3 (a)) strongly indicates that the trap distribution is exponential in an energy gap: expðÀE=kT t Þ, where E is measured from the bottom of the conduction band. 33 Here, kT t ¼ E ct is the characteristic energy of the trap distribution and k is the Boltzmann constant. Following Ref. 33 , the exponent n below 160 K can be rewritten as n ¼ l þ 1, where l is given by the ratio l ¼ T t =T.
For traps with exponential energy distribution, the space charge limited current density is given by 33
Here, l is the electron mobility; N c is the effective density of states in the conduction band; H is the trap concentration; e is the dielectric constant; and L is distance between the electrodes. In order to determine the trap characteristic energy E ct , we have analyzed the temperature dependence of the voltage exponent. From the slope of n ¼ l þ 1 versus 1/T plot ( Figure  3(a) ) in the SCLC dominated region (T < 160 K), we have obtained a value of the characteristic trap temperature of 1108 K, which according to the expression E ct ¼ kT t 33 gives a characteristic charge trap energy of the order of 100 meV.
It is not possible to determine a direct origin of the charge traps in the SCLC model. We may exclude extrinsic impurities acting as charge traps in our catalyst free synthesis method to fabricate nanowires. Most likely, these existing trapping centers in Bi 2 S 3 nanowires at low temperatures can be attributed to structural defects.
In order to establish the concentration of the traps with exponential energy distribution, the common approach involves the derivation of the crossover voltage ðV c Þ related to the trap concentration (H) as 34
The crossover voltage can be determined by extrapolating temperature dependent IVCs in log-log plots to high voltages where the curves influenced by SCLC should exhibit a crossing point. Our data in the temperature range from 290 to 210 K do not exhibit any crossover. At lower temperatures, however, IVCs unveil V c ¼ 0.9 V (Figure 3(b) ). Using this value, the calculated density of the traps is 1:2 Â 10 16 cm À3 (using a value of e ¼ 11 (Ref. 30) ). Trap characteristics for Bi 2 S 3 nanocrystals at room temperature have recently been determined by time resolved spectroscopy. An overall trap density of the order of 10 20 cm À3 was assigned to the contribution of surface states caused by incomplete surface passivation. 35 From our data, the calculated trap concentration is of the order of 10 16 cm À3 . Thus, it can be concluded that the determined trap concentration at temperatures below 160 K could originate from the nanowire bulk.
In order to access the distribution of energies of the traps at the surface of a Bi 2 S 3 nanowire, the current-voltage characteristics measured at higher voltages are required. The corresponding trap concentration at the nanowires surface can be expected to be considerably higher compared to the trap concentration in the nanowire bulk. Therefore, the value of the crossover voltage will be higher. However, the measurements of the current-voltage curves at higher voltages may cause a degradation of the nanowire. Gas molecules such as O 2 and H 2 O may be used in alternative surface treatment methods to achieve a decreased density of the trap states.
It is important to increase the temperature at which the SCLC dominates for a practical realization of Bi 2 S 3 nanowire based memristors. A memristor of Au/ZnO nanorods/ conductive glass operating in the SCLC mode at room temperature was recently demonstrated. 9 The active ZnO nanorods are of a similar scale as our Bi 2 S 3 nanowires, and the elements showed excellent stability of resistive switching. 9 By tuning device geometry (e.g., the diameter of the nanowire and its length between the electrodes) and optimizing surrounding environment, SCLC may be observed also at room temperature in Bi 2 S 3 nanowires.
IV. CONCLUSIONS
We have shown how to control the contact properties of Bi 2 S 3 nanowires by suitable treatment of the electrode-nanowire interface. We have analyzed the charge carrier transport in Bi 2 S 3 nanowires. The SCLC conduction mechanism is found to dominate at temperatures below 160 K. By a careful analysis of IVCs affected by SCLC, we have been able to determine the shallow charge traps with an exponential distribution of energy with a concentration of the order of 1 Â 10 16 cm À3 . The determined concentration of traps is rather high. This could enhance the on/off ratio of the resistive switching.
The understanding of nanowire transport properties at different temperatures is critical for their integration in electronic devices. The observation of the SCLC mechanism enables further investigations for nanowire application in the resistive switching devices.
We believe that the advancement of these techniques will be beneficial for integration of bottom-up grown chalcogenide nanowires in large scale devices showing SCLC at room temperature. 
